Long noncoding RNAs (lncRNAs) play a broad range of biological roles, including regulation of expression of genes and chromosomes. Here, we present evidence that lncRNAs are involved in vertebrate circadian biology. Differential night/day expression of 112 lncRNAs (0.3 to >50 kb) occurs in the rat pineal gland, which is the source of melatonin, the hormone of the night. Approximately one-half of these changes reflect nocturnal increases. Studies of eight lncRNAs with 2-to >100-fold daily rhythms indicate that, in most cases, the change results from neural stimulation from the central circadian oscillator in the suprachiasmatic nucleus (doubling time = 0.5-1.3 h). Light exposure at night rapidly reverses (halving time = 9-32 min) levels of some of these lncRNAs. Organ culture studies indicate that expression of these lncRNAs is regulated by norepinephrine acting through cAMP. These findings point to a dynamic role of lncRNAs in the circadian system.
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RNA sequencing | neuroendocrine regulation | differential expression | chronobiology L ong noncoding RNAs (lncRNAs; >200 bp), including long intergenic noncoding RNAs, are of special interest because of their large and growing numbers and the possibility that they may represent a substantially underrepresented, functionally critical component of the genome (1) (2) (3) . Current research points to a role in cellular regulation through interaction with proteins and DNA (4) (5) (6) . The abundance of many lncRNAs changes gradually during development, and many are involved in epigenetic processes impacting gene expression (7) (8) (9) (10) (11) (12) [e.g., chromosome inactivation by XIST (13), imprinting by Kcnq1ot1 (14) , development and cancer by HOTAIR (15, 16) , cancer by PCA3 (17) , and disease by PISTR1 (18) ]. From this information, it is generally thought that lncRNAs control long-term processes; however, it is also clear that they may play roles in more dynamic processes, including signaling (19) (20) (21) (22) (23) .
Here, we addressed the broad issue of whether lncRNAs may play a role in vertebrate circadian systems, which seems to be the case in plants (24) . We searched for lncRNAs that exhibit daily changes in abundance in the rat pineal gland. The pineal gland is responsible for the daily rhythm in circulating melatonin, the hormone of the night. In this tissue, daily changes in the abundance of protein-coding transcripts (25) are controlled by a neural pathway linking the master mammalian circadian oscillator, the suprachiasmatic nucleus (SCN), to the pineal gland; SCN stimulation of this pathway causes release of norepinephrine (NE) from sympathetic nerve processes. NE acts through an adrenergic receptor/cAMP mechanism to broadly control gene expression. These changes seem to establish optimal conditions for the precise daily rhythm in melatonin production (25) . Results presented here provide an indication that lncRNAs play a role in the vertebrate circadian system.
Results
Daily Changes in lncRNA Abundance in the Pineal Gland. lncRNAs were sought in RNA sequencing (RNA-Seq) results from analysis of rat pineal glands and other tissues. A computer-based search algorithm was used to find lncRNAs with either daily changes in abundance in the rat pineal gland or high relative expression (rEx) compared with a pool of RNA from 15 other tissues (SI Appendix, Table S1 , Experiment 1). Each candidate was further evaluated individually by three investigators through analysis of coverage plots.
The coding potential of the lncRNA candidates was evaluated using several criteria. First, transcripts were considered to be lncRNA candidates if a BLASTX search failed to identify an ORF similar to a known protein-coding transcript. Second, coding potential was determined by the Coding Potential Calculator software (26) (http://cpc.cbi.pku.edu.cn/). In addition, other criteria were used (SI Appendix).
This process revealed that the location of the lncRNAs relative to protein-coding genes ranged considerably. Some could be classified as long intergenic noncoding RNAs and were from 10 to >200 kb away; others were located closer. Some were located on the opposite strand from protein-coding genes and either overlapped or encompassed the gene; in some cases, they were included within the gene boundaries (Dataset S1).
This effort identified 112 lncRNAs, given the common identifier lncSN (long noncoding RNA, Section on Neuroendocrinology), with a more than twofold night [Zeitgeber time (ZT) 17]/day (ZT7) differential expression (59% increased at night, and 87% had rEx values > 4) (Dataset S1); 97 of 122 (80%) lncRNAs with rEx > 4 exhibited night/day differential expression, reflecting a high association between differential night/day and pinealselective expression. These changes were confirmed in subsequent experiments (SI Appendix, Table S1 , Experiments 2-4). This article is a PNAS Direct Submission.
Data deposition: The sequences reported in this paper have been deposited in the National Center for Biotechnology Information Sequencing Read Archives, www.ncbi.nlm. nih.gov/Traces/sra (accession nos. SRA037284, SRA052823, SRA052826, and SRA053154). A set of eight lncRNAs with high expression and a more than twofold differential night/day expression (six high at night) was selected for additional study (Fig. 1, Table 1 , and SI Appendix). Northern blots (Fig. 1B) , coverage plots, and splice junction analysis (SI Appendix) indicated that they range in size from <1 to >50 kb, and in most cases, they generate multiple transcripts (Fig. 1B) : lncSN001 (9.1, 7.5, and 3.8 kb); lncSN004 (12.7 and 4.2 kb); lncSN012 (∼53 and ∼25 kb); lncSN016 (12.2 and 5.1 kb); lncSN056 (0.9, 0.7, and 0.6 kb); lncSN081 (12.7 and 2.4 kb); lncSN134 (0.9 and 5.1 kb); and lncSN215 (13 kb). High Coverage plots for each lncRNA in all four experiments can be accessed using the URLs, which will link to the UCSC Genome Browser with tracks for day (ZT7), night (ZT19), and mixed RNA-Seq data. lncSN001: http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName= Kleingrp&hgS_otherUserSessionName=PNAS%20master%204-9-12&position=chr12:5279390-5288650. lncSN004: http://genome.ucsc.edu/cgi-bin/hgTracks? hgS_doOtherUser=submit&hgS_otherUserName=Kleingrp&hgS_otherUserSessionName=PNAS%20master%204-9-12&position=chr15:106554430-106567170. lncSN012: http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=Kleingrp&hgS_otherUserSessionName=PNAS%20master% 204-9-12&position=chr17:16296600-16393000. lncSN016: http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=Kleingrp& hgS_otherUserSessionName=PNAS%20master%204-9-12&position=chrX:34340700-34352700. lncSN056: http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOther-User=submit&hgS_otherUserName=Kleingrp&hgS_otherUserSessionName=PNAS%20master%204-9-12&position=chr5:22880900-22881450. lncSN081: http:// genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=Kleingrp&hgS_otherUserSessionName=PNAS%20master%204-9-12&position= chr5:143451600-143453500. lncSN134: http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=Kleingrp&hgS_otherUserSession-Name=PNAS%20master%204-9-12&position=chr13:47391100-47400200. lncSN215: http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_ otherUserName=Kleingrp&hgS_otherUserSessionName=PNAS%20master%204-9-12&position=chr8:44565900-44604200. The beginning and ending addresses are estimated from the coverage plots. FPKM values and nominal length are based on the addresses given here without regard to potential exon/intron structure. The night/day (N/D) expression ratios and rEx values were calculated as described (25) . The daytime levels and N/D expression ratios of selected genes in this experiment (SI Appendix, Table S1 evolutionary conservation was not evident, except lncSN016. Flanking genes were not coregulated (Table 1 has links to coverage plots), except in the case of lncSN004 (SI Appendix).
Daily changes ranged from >100-fold increase (lncSN001, lncSN004, and lncSN056) to an approximately fivefold decrease (lncSN215) at night (Fig. 2, Left) . Light at midnight reversed some of these changes within 30 min (lncSN001, lncSN056, lncSN081, and lncSN215) (SI Appendix, Fig. S2 ). The abundance of intron-encoded sequences in the lncSN001 transcript changed more rapidly (sharper peak at night and nearly complete disappearance on light exposure) than the abundance of the lncSN001 exon 2-encoded sequence, consistent with a greater instability of introns (27, 28) .
lncRNAs with Daily Changes Are Pineal-Enriched. The indication that peak abundance of the six lncRNAs that increased at night were substantially higher than the abundance in the tissue pool ( Fig. 1 and Table 1 ) was confirmed by autoradiographic in situ hybridization histology (Fig. 3) .
Additional analysis (SI Appendix, Table S3 ) indicated that extrapineal expression in 15 tissues was less than 15% of maximum pineal gland expression in all cases, except for lncSN004 in the small intestine (59%), lncSN012 in the cerebellum (37%), lncSN056 in the pituitary (17%), and lncSN134 in the retina (23%); lncSN215 is highly expressed in many other tissues. In contrast, the daily minimum pineal levels of the eight lncRNAs studied were at or below the levels in other tissues. Accordingly, whereas this set of lncRNAs is expressed in extrapineal tissue, marked night/day differential expression is not seen in these tissues, with the exception of lncSN004 in the small intestine (SI Appendix).
Circadian, Neural, and Transsynaptic Control. The SCN oscillator drives circadian changes in pineal function and is hard wired to the pineal gland by a multisynaptic neural pathway (29) (30) (31) . Such SCN-dependent circadian changes persist in constant darkness (32) . This finding was the case for the eight lncRNAs (Fig. 2,  Center) , providing evidence that these changes are truly circadian in nature.
The SCN-pineal neural pathway includes the superior cervical ganglia (SCG), which innervate the pineal gland (29, 32) . Surgical interruption of this pathway blocks SCN circadian changes in the pineal gland. Here, rhythmic changes in seven of eight lncRNAs (the exception is lncSN134) were blocked by removal or decentralization of the SCG (Fig. 2, Right and Fig. 3, Upper) . These observations, together with the constant darkness results, support the conclusion that the SCN pineal pathway (28) controls expression of these lncRNAs.
The transsynaptic mechanism controlling expression of the selected lncSNs was studied using in vivo and in vitro experimental designs focused on NE (25, 29, (33) (34) (35) (36) . Injection of the β-adrenergic agonist isoproterenol during the day elevated lncSN001 and lncSN016 transcripts (Fig. 3, Lower) . Organ culture studies (Fig. 4) revealed that NE treatment elevated expression of the lncRNAs that increase in abundance at night; in the case of lncSN001, -004, -056, and -081, the increase was large and rapid (Fig. 4, Left) . This finding supports the conclusion that NE mediates neural stimulation of the pineal expression of these lncRNAs that increase at night. The role of NE in controlling daily changes in lncRNAs that decrease at night is not clear, because NE had a weak negative effect on lncSN215 and inconsistent effects of lncSN134 (Fig. 4, Right) .
The NE-induced changes in expression of this set of lncRNAs occurred in the presence of cycloheximide (SI Appendix, Fig. S3 ), a protein synthesis inhibitor, which was also observed in the case of induction of the immediate early genes Fos and Fosl2 (SI Appendix, Fig. S4 ).
The primary second messenger of NE in the pineal gland is cAMP (29, 36, 37) ; treatment of cultured pineal glands with the cell-permeable cAMP analog, dibutyryl cAMP, mimicked effects of NE (Fig. 4, Right) . This finding establishes that NE acts on these lncRNAs through a cAMP mechanism. This evidence and the evidence that induction occurs without protein synthesis (SI Appendix, Fig. S3 ) provide reason to suspect that cAMP acts to induce expression of these lncRNAs through a posttranslational mechanism [e.g., phosphorylation of cAMP response element binding proteins (Crebs)], which is the case for protein-coding transcripts (25) .
In Silico Analysis of cis-Regulation of lncRNAs. The putative transcription factors controlling expression of the lncRNAs listed in Dataset S1 were investigated in silico (Genomatix) (SI Appendix).
Creb binding sites were found in nearly all regions flanking those lncRNA transcripts with a night/day abundance ratio >2 (56 of 57); these sites were overrepresented compared with genomic background. Overrepresented binding sites were also found for transcription factors highly expressed in the pineal gland, including Crx, Otx2, NeuroD1, and Pax4. The flanking regions of eight lncRNAs containing multicomponent Creb/Ets/Bsx modules were more than 20-fold overrepresented in the lncRNA dataset compared with genome-wide promoters, which is of interest, because Bsx expression increases at night in the pineal gland (38) . Accordingly, the in silico results are consistent with the hypothesis that Creb sites combined with other sites (e.g., Creb/Ets/Bsx modules) mediate the 24-h lncRNA expression pattern in the pineal gland.
Discussion
The results of these studies provide evidence that lncRNAs play a role in vertebrate circadian biology. The dynamics and magnitude of the daily changes in the abundance of the lncRNAs that were studied in detail are generally similar to the dynamics and magnitude seen for many protein-coding genes expressed in the pineal gland on a circadian basis (25) . Moreover, the rhythmically expressed lncRNAs seem to be regulated by the same transsynaptic/cAMP system that controls expression of hundreds of protein-coding genes in the pineal gland, which are thought to be controlled through a Creb-based mechanism.
Additional support for functional involvement of Creb and other factors was derived from analysis of transcription factor binding site (TFBS) frameworks: highly organized patterns of TFBSs directly linked to biological function (in contrast to individual TFBSs; also not prone to overprediction). This approach makes it possible to detect association of frameworks with functional promoters by overrepresentation compared with all promoters in the genome (impossible with individual TFBSs), which in our case, strongly supports the role of Creb combined with one or more other transcription factors.
This similarity in the regulation of the abundance of proteincoding transcripts and lncRNAs supports the suspicion that daily changes in lncRNAs in the rat pineal gland may be an important feature of the circadian regulation. The precise mechanism controlling the dynamic changes in the abundance of each lncRNAs could involve changes in transcription, degradation/ clearance, or a combination; the relative importance of each might vary on an individual basis. This finding may explain differences in dynamics seen in the current studies. Independent of the precise mechanism involved in regulating these changes, it is noteworthy that such circadian changes occur, thereby adding a level of complexity to lncRNA biology. The discovery of 24-h patterns of expression of lncRNAs leads to the compelling question of their function in the pineal gland. The available literature provides a broad range of potential mechanisms through which lncRNAs act in other systems (1, 2, 5, 21) . The rapid nature of the changes in lncRNAs seen in the current studies suggests that they are involved in the complex 24-h changes in cell physiology that characterize this tissue that are linked directly and indirectly to changes in melatonin synthesis (25, 39) . The multitude of lncRNAs and the potential roles that they play in biology challenge our imagination. The discovery that expression of particular lncRNAs can be dramatically increased through a defined receptor and intracellular signaling pathway raises questions of how these changes impact responses to hormones, transmitters, and immunogens in this tissue and others. Moreover, it is useful to consider that dysregulation of such dynamically expressed lncRNAs may result in disease.
The findings presented here provide additional support for the argument that lncRNAs should be included as mapping targets in RNA-Seq studies (40) . Ideally, this inclusion would involve the identification of all lncRNAs expressed in each tissue, which seems essential in understanding the biological roles of lncRNAs.
Materials and Methods
Materials. Animal use and care protocols were approved by the local ethical review, and they were in accordance with National Institutes of Health guidelines and the Health Sciences Animal Policy European Union Directive 86/609/EEC (approved by the Danish Council for Animal Experiments).
Tissues removed for analysis during a dark period were obtained from animals euthanized and decapitated under dim red light. A mixed tissue RNA sample was prepared from 15 neural and peripheral tissues (SI Appendix). Surgery. Superior cervical ganglionectomy and decentralization of the superior cervical ganglia were performed as described (41) . Drug injection. Animals were injected with either vehicle or isoproterenol (10 mg/kg for 3 h from ZT5 to ZT8) as described (42) . Light exposure at night experiment. Rats were exposed to 30 min of light at ZT19 and then killed at ZT19.5. Control rats were kept under normal lighting conditions and killed at ZT19 and ZT19.5. Organ culture and treatments. Information is in SI Appendix (43, 44) . Biochemical methods. Published methods were used for RNA extraction (25) , Northern blot analysis (44) , and quantitative PCR (25); strandedness was determined biochemically using asymmetric PCR (SI Appendix). Autoradiographic in situ hybridization. The probes used are described in SI Appendix (45) . RNA sequence analysis. RNA-Seq was done using Illumina technology. Mapping and analysis are described in detail in SI Appendix. Putative transcription factor binding sites. Transcription factor binding sites were identified using the Genomatix Software package (http://www.genomatix. de). Details are given in SI Appendix. Thyroid hormone (100 nM) and 9-cis-retinoic acid (100 nM) were added to the culture medium in the experiment in Left but not the experiment in Right. In both cases, NE had the same effect on expression of each lncRNA (except lncSN134), indicating that thyroid hormone and 9-cis-retinoic acid are not required for regulation; NE induction requires concurrent thyroid hormone presence for at least one gene (Drd4) in the pineal gland (41) . Transcript number was normalized using a factor calculated from the geometric mean of four reference genes (Rnr1, Gapdh, Actb, and Hprt1) using geNorm.
